Introduction
The maintenance of lipid homeostasis within the cell is controlled through combined synthesis, influx, efflux and storage. Cells store excess fatty acids and cholesterol in lipid droplets (LDs 1 ), dynamic and regulated organelles derived from the endoplasmic reticulum (ER) (1, 2) . LDs have been shown to undergo microtubule-based motility (3) (4) (5) and to interact with a range of other organelles including mitochondria, peroxisomes, and the endoplasmic reticulum (6, 7) . While LDs have 1 Abbreviations: ER, endoplasmic reticulum; LD, lipid droplet; TVE, tubulovesicular elements, PFA, paraformaldehyde been best described in adipocytes and steroidogenic cells of the testis, ovary and adrenal gland, they are also present in a range of other cell types, and their formation can be induced in cultured cells by oleic acid treatment (3) , suggesting that all cells have the ability to generate LDs under conditions of elevated fatty acids. In recent years interest in the regulation of LDs in less specialized cell types has increased significantly, due in part to the observation that a dominant-negative truncation mutant of caveolin, Cav3 DGV , is localized to the surface of LDs and induces a cholesterol imbalance in fibroblasts, in addition to inhibiting LD motility and catabolism (3, 8) . Caveolins have been shown to bind cholesterol (9) and fatty acids (10) , and while predominantly localized to caveolar domains of the cell surface they can be redistributed to LDs upon fatty acid treatment (3) . In addition to the inhibitory effects of Cav3 DGV on the LD, Cav3 DGV also indirectly inhibits signalling from the cell surface through an effect on cholesterol, suggesting a link between the function of the LDs and functional maintenance of cell surface domains.
In order to begin to define the mechanisms regulating the formation and catabolism of the LD it is important to first identify the nature of the interaction of this organelle with other compartments within the cell. Several recent studies have undertaken proteomic analyses of LDs from a number of different cell types, under conditions of lipolysis or lipid deposition. These analyses identified numerous members of the Rab family of small GTPases associated with the LD (11) (12) (13) (14) . The Rab family of proteins are essential regulators of vesicular traffic. Described as molecular switches, Rab proteins undergo conformational changes through cycles of GTP binding and hydrolysis (15, 16) . The GTP-bound active form interacts directly with downstream effectors and indirectly with other components of the transport machinery controlling cargo selection, vesicle fusion, cytoskeletal transport and integration of vesicle traffic with signal transduction pathways. While the novel nature of the LD hemi-membrane makes it unlikely that proteins spanning the bilayer could associate with this organelle, this would not preclude association of Rab proteins whose attachment to membranes is regulated through prenylation at the C-terminus, and protein-protein interactions (15, 16) . Indeed, ten Rab GTPases have been found associated with LDs (11) (12) (13) (14) , several of which have been previously localized to endocytic compartments. On the one hand, this complexity is not unusual, as several distinct Rab proteins can be associated with a single organelle undertaking multiple sorting functions, such as early endosomes and the Golgi complex (16) . The predicted association of multiple Rab proteins with the lipid droplet suggests a dynamic interaction between this and other organelles in the cell.
On the other hand, out of the Rab proteins associated with LDs, only five, i.e. Rab5c, Rab7, Rab10, Rab14, and Rab18 have been identified independently in at least two separate studies.
In the present study we have analysed the localization of Rab5, Rab7, Rab11 and Rab18, all previously identified in the endosomal system, with respect to LDs under conditions of neutral lipid synthesis. We have identified Rab18 as a major component of lipid droplets and further explored its role in lipid dynamics and lipid storage activities.
Materials and Methods

Cell culture.
3T3-L1 fibroblasts (American Type Culture Collection, Rockville, MD) were maintained in DMEM supplemented with 10% foetal calf serum and 2mM L-glutamine, and differentiated using insulin, dexamethasone, biotin and IBMX as described previously (17) . Adipocytes were used between days 6-12 postdifferentiation, or at 2-day intervals during the differentiation process as described in the results section. BHK-21 cells (Baby Hamster Kidney cells) and Vero cells (African green monkey kidney epithelial cells) were maintained in DMEM supplemented with 10% (v/v) Serum-Supreme (BioWhittaker) and 2mM L-glutamine.
Antibodies, plasmids and reagents
Mouse anti-GM130 (Cat #610823), monoclonal anti-caveolin-1 (Cat #610406) and monoclonal anti-caveolin-2 (Cat #610684) were obtained from Transduction Labs (BD Biosciences). Rabbit anti-perilipin A (Cat # P1998) and mouse anti--tubulin (Cat # T9026) were obtained from Sigma. Rabbit anti-Rab18 (18) and rabbit anti-GFP (19) GFP-Rab5 and YFP-Rab11 have been described previously (20) . GFP-Rab7 was obtained from Dr. Lucas Pelkmans, MPI, Dresden, Germany). mRFP-Cav3 DGV was constructed using Cav3 DGV -HA (21) as a template to amplify a fragment using the f o l l o w i n g p r i m e r s : 5 ' -GGGGTACCCGACGGTGTATGGAAGGTG -3 ' a n d 5 ' -CGGGATCCTAGCCTTCCCTTCGCAG-3'. The PCR product was A-tailed and cloned into pGEM-T Easy (Promega, Madison, WI) and subsequently excised using BamHI and KpnI, and ligated into linearised mRFP-C3. mRFP-C3 was constructed from pRSETb-mRFP1 (supplied by Prof. Roger Tsien, HHMI, University of California (22)).
To generate GFP-Rab18, the mouse Rab18 ORF was excised from myc-Rab18 using NdeI and BamHI (removing the myc t a g ) , l i g a t e d i n t o p S L 1 1 8 0 (Amersham/Pharmacia), and subsequently excised with BamHI and PstI and ligated into pEGFP-C1 (Clontech), resulting in an Nterminal GFP tag. All constructs were sequenced using ABI PRISM BigDye Terminator v3.1 (Applied Biosystems, Foster City, CA) in the Australian Genome Research Facility, University of Queensland.
Indirect immunofluorescence microscopy and real-time video microscopy
For immunofluorescence microscopy cells grown on glass coverslips were fixed with 4% paraformaldehyde (PFA) in PBS. Cells were permeabilized in 0.1% saponin (wt/vol) for 10min, quenched for 10min using 50mM NHCl 4 and blocked for 10min using 0.2% BSA/ 0.2% fish skin gelatin in PBS. Primary and secondary antibodies were diluted in blocking solution and incubated with the cells for 30min at room temperature. Finally the coverslips were washed in PBS and mounted in Mowiol (Calbiochem). Labelling was analysed using an Axiovert 200M SP LSM 510 META confocal laser scanning microscope (Zeiss) under oil, using either 100x or 63x oil immersion objectives. The data was processed using the LSM 510 META (Zeiss) software and images assembled using Photoshop 7.0 (Adobe Systems, Mountain View, CA). Quantitation of LD Rab18 labelling was performed on fluorescent images collected with identical settings, using ImageJ 1.33 to measure the mean pixel intensity of individual LDs. For each individual experiment between 20-70 LDs were analysed. Cells for real-time microscopy were plated onto glass bottomed tissue culture dishes (MatTek Corp.) and transferred into CO 2 -independent medium supplemented with 0.1% fatty-acid free BSA (Calbiochem) in the presence or absence of 100 g/ml oleic acid. Time series were collected at 37˚C using an Axiovert 200M SP LSM 510 META confocal laser scanning microscope equipped with a heated stage and a 100x oil immersion objective. Cells were used for real-time data collection for a maximum of 1.5hr. Time series images were collected using a 488nm excitation laser line at <20% maximum power using the Zeiss LSM510 Meta software. Images were converted to 8-bit TIFF files and further analysed using ImageJ software (National Institutes of Health, Bethesda, MD). QuickTime movies were assembled using ImageJ 1.33 and still images compiled using Adobe Photoshop 7.0.
LD isolation
LDs were isolated using a modification of the procedure of Yu et al. (2000) (23) . Briefly, cells were scraped into dissociation buffer (25mM Tris-HCl, pH7.4, 100mM KCl, 1mM EDTA, 5mM EGTA) containing a mixture of protease inhibitors (250 M PMSF, 10 g/ml aprotinin and 10 g/ml leupeptin), and lysed by sonication for 10sec. LDs were isolated by sucrose density gradient centrifugation through 18.5%, 9%, 4.1% sucrose steps and through top buffer (25mM Tris-HCl, pH7.4, 1mM EDTA, 1mM EGTA). Gradients were analysed by Western blotting or by electron microscopy.
Immunoprecipitation and Western blotting
Immunoprecipitation was carried out essentially as described previously (24) . Briefly, cells were lysed in 50mM Tris, pH 7.4, 150mM NaCl, 5mM EDTA containing 1% NP40, 0.1% SDS and protease inhibitors. Equal volumes of lysates were immunoprecipitated using either Rab18 antiserum, GFP antiserum or a non-immune rabbit serum and collected using protein Asepharose beads. Immunoprecipitated proteins were solubilised directly into Laemmli sample buffer and analysed by SDS-PAGE and Western blotting as described previously (25) . Immunolabelled proteins were visualised using HRP-conjugated secondary antibodies and developed using the Supersignal ECL reagent (Pierce Biotechnology Inc, Rockford, Il, USA).
Electron microscopy
Immunoelectron microscopy of ultrathin cryosections was performed essentially as described previously (26, 27) . Briefly, Vero cells transfected with GFPRab18 were incubated overnight in the presence of 100 g/ml oleic acid and fixed in 2% paraformaldehyde/0.2% glutaraldehyde in 0.1M PHEM buffer, pH 6.9 for 1 h at room temperature. Cells were embedded in 10% gelatin, cryoprotected using PVP-sucrose and snap frozen onto specimen holders in liquid N 2 . Ultracryomicrotomy was performed by a slight modification of the Tokuyasu technique (28) as described previously (27) , and sections picked up with a 1:1 mixture of 2.3M sucrose and 2% methyl cellulose (29) . Grids were viewed using a Jeol 1010 transmission electron microscope.
In order to perform immuno-EM on isolated LDs, BHK cells were transfected with GFP-Rab18 or GFP and subsequently incubated in 100 g/ml oleic acid overnight. LDs were isolated using sucrose density gradient centrifugation as described above, and the top fractions, containing the LDs were fixed in 4% PFA. Isolated LDs were applied to formvar/carbon-coated copper grids and immuno-labelled as described previously (25) .
Results
Localization of GFP-Rab18 to lipid droplets, and apposition of endosomal compartments
To investigate the localization of Rab GTPases potentially involved in LD function in relation to LDs we expressed fluorescentlytagged Rab5, Rab7, Rab11 and Rab18 in Vero cells. To increase LD formation, cells were incubated overnight in 100 g/ml oleic acid conjugated to BSA. The use of fatty acid concentrations higher than physiological levels have been used previously to induce the rapid formation of LDs in cultured cells (3) . Lower concentrations of oleic acid induced a similar formation over a longer period of time (results not shown). GFP-Rab5 and YFP-Rab11 were identified in punctate structures distributed throughout the cell (Fig. 1A ) consistent with localization to early and recycling endosomes, respectively (20) . In contrast, GFP-Rab7 was present in both small punctate vesicles and in larger endosomal vacuoles, consistent with localization to late endosomes (30) . All isoforms also showed varying levels of a cytosolic pool, frequently observed when Rab proteins are over-expressed (31) . When cells were counterstained with Nile Red to identify lipid droplets, both GFP-Rab5 and YFP-Rab11 containing structures were occasionally identified in close apposition to Nile Redpositive structures, whereas GFP-Rab7 labelled endosomes were frequently observed in close apposition to LDs (Fig. 1A) . However, Rab5, Rab7 and Rab11 were not observed to label the LD surface itself. In contrast, GFP-Rab18 showed specific and intense labelling of a subset of LDs (Fig. 1B,  C) . In addition, GFP-Rab18 labelled the ER and small, possibly ER-associated, puncta distributed throughout the cells, as well as weak labelling in the region of the Golgi complex (Fig. 1B, C and Fig. 2) . In a small number of cells with very high levels of GFPRab18 expression there was a very strong labelling of the perinuclear region, and in these cells labelling for the Golgi marker GM130 suggested that the Golgi complex was disrupted in a similar manner to brefeldin A (results not shown). However, the predominant localisation of GFP-Rab18 was to the LDs. GFP-Rab18 consistently labelled smaller sized LDs usually at the periphery of larger, unlabelled LDs, or a cluster of LDs (Fig. 1B) . Intriguingly, in fixed cells GFPRab18 labelling was often observed to partially surround a LD, forming a crescentshaped profile by fluorescence microscopy, suggestive of a partial enfolding of the LD surface by the Rab18 compartment (arrowheads, Fig. 1B ). However, when live cells were imaged in real time (Fig. 1C) , the GFP-Rab18 profile was invariably ringshaped, suggesting that PFA fixation altered the surface structure of the LDs. Differences between LD size between live and fixed, labelled cells have been described previously (4) . Interestingly, an additional observation in live cells, not detectable in fixed cells, was the presence of a single persistent brighter spot of Rab18 labelling occasionally observed on the LD surface, reminiscent of GFP-Rab5 on endosomal membranes (32) (Fig. 1C) .
Localization of endogenous Rab18 in fibroblasts and adipocytes
While expressed GFP-Rab18, but not other tested Rab proteins, was clearly localized to LDs, we next sought to investigate the localization of the endogenous Rab18 protein, both in fibroblasts and in 3T3-L1 adipocytes, cells with a large number of active lipid droplets. A rabbit antiserum raised against Rab18 (18) was found to immunoprecipitate endogenous Rab18 and heterologously expressed GFP-Rab18 ( Fig.  2A,B) , and to detect heterologously expressed GFP-Rab18 by immunofluorescence microscopy (results not shown). In addition, anti-Rab18 antiserum detected GFP-Rab18 immunoprecipitated using an antiserum raised against GFP. Both endogenous Rab18 and heterologously expressed GFP-Rab18 often resolved as a doublet by Western blotting, presumably corresponding to both prenylated and non-prenylated forms. Fractionation of 3T3-L1 adipocyte cell lysates into membrane and cytosol fractions demonstrated that at steady state Rab18 was predominantly membrane associated (Fig. 2C) .
Expression of Rab18 was found to be higher in 3T3-L1 adipocyte lysates than in BHK or Vero cells by Western blotting (results not shown). We therefore hypothesized that expression could be directly related to LD formation. However, no change in expression of Rab18 was observed during differentiation of 3T3-L1 fibroblasts into adipocytes (results not shown). We next examined the localization of endogenous Rab18 in 3T3-L1 cells during differentiation to adipocytes. In 3T3-L1 fibroblasts, Rab18 labelling was only clearly detectable in a subset of cells containing endogenous LDs, where it was observed to localize to the LD surface (Fig. 3C ). In addition, there was a low, dispersed, punctate labelling, not observed with a non-specific anti-serum. During the differentiation process a more pronounced perinuclear labelling was detectable consistent with Golgi localization (Fig. 3C ). Conversion of 3T3-L1 fibroblasts to an adipocyte phenotype, characterized by the accumulation of large amounts of neutral lipid, coincided with the localization of endogenous Rab18 to the LD surface. Rab18 was observed to label LDs with a distinct, punctate labelling pattern (Fig. 3C ). A similar labelling pattern was observed in oleic acid-treated Vero cells, in which a small subset of LDs were labelled heavily for Rab18, whereas a large number of LDs had a single punctate dot of Rab18 labelling associated with the surface (Fig. 3D ). Thus in both adipocytes and non-adipocyte cell lines endogenous Rab18 associates with a distinct subset of LDs. Rather than a spectrum of different labelling densities on different LDs, distinct LDs are either very stronglylabelled or show negligible labelling.
In conclusion, Rab18 was the only Rab protein that appeared to show specific localization to the surface of LDs as judged by light microscopy. Whether this represented bona fide labelling of LDs was further investigated by immunoelectron microscopy.
GFP-Rab18 associates with the ER and discrete subdomains of the LD surface
We examined the distribution of GFPRab18 expressed in Vero cells treated with oleic acid overnight, by immunoelectron microscopy on frozen sections. In ultrathin cryosections (~60nm thick) in which the membrane compartments of the cell could be clearly discerned, LDs were not well preserved, appearing as irregularly shaped electron-lucent structures (Fig. 4A) . However, GFP-Rab18 labelling was clearly shown to decorate the surface of LDs. In addition, and consistent with the light microscopic observations, Rab18 labelled the ER and clusters of non-clathrin-coated tubulovesicular elements (TVE) both around the LD and distributed throughout the cell (Fig. 4A-B) . The localization of GFP-Rab18 to the ER was further examined by labelling for calnexin by immunofluorescence microscopy (Fig. 4E-F) . Calnexin labelling could be seen to surround, but not colocalize with, GFP-Rab18 labelled LDs (Fig. 4F ). In the peripheral ER, calnexin and GFP-Rab18 showed a similar reticular pattern, but again there was no colocalization between the two proteins suggesting that they localize to distinct domains of the ER (Fig.  4E) . The small clusters of GFP-Rab18 labelled TVE were observed as dense patches of labelling throughout the sections (Fig. 4B) . The nature of these compartments is not yet known, but it is possible that they correspond to the small puncta observed by IF (Fig. 1B,  C) or disrupted Golgi elements in cells with a high expression of GFP-Rab18. In order to improve the morphological preservation of the LD surface, thicker cryosections (~100nm) were also prepared and labelled for GFPRab18 (Fig. 4D) . While most membrane compartments were only poorly discernible in these sections, preservation of the LD surface and adjacent ER was improved. GFP-Rab18 was clearly observed to strongly label the outer layer of the LD, consistent with localization to the LD surface rather than the ER. In some LDs a thin single layer of membrane could be discerned between the ER membrane and the LD core (arrows, Fig. 4D  inset) . We hypothesize that this corresponds to a region of the LD monolayer.
As there was very close apposition observed between the ER membranes and the LD surface (Fig. 4A-D) , we considered the resolution of labelling in the cryosections insufficient to determine whether Rab18 was associated with the monolayer proper or with associated membranes. In order to maximise GFP-Rab18 expression and localization to LDs, BHK cells were transfected with GFPRab18 or GFP and a subcellular fraction enriched in LDs isolated by flotation through a sucrose density gradient (Fig. 5A) . The LD fractions were fixed directly in 4% PFA and applied to an EM grid. The fractions were then immunolabelled with anti-GFP antibodies followed by protein A-gold. Labelling for GFP-Rab18 was present over the entire LD surface in a heterogeneous pattern, with areas of high concentration containing electron dense networks (Fig. 5B-D) . Labelling was also observed to associate with membranous material associated with the LDs. In other areas GFP-Rab18 labelling was completely absent. These results show that GFP-Rab18 is associated with the LD surface monolayer, as well as associated membranes, and also suggest an association with distinct cytoplasmic domains of the LD surface. Specificity of the labelling was confirmed by the absence of labelling on GFP-Rab18 containing LDs using protein A-gold in the absence of the primary anti-GFP antibody (Fig. 5E ), and by labelling LDs isolated from cells expressing GFP alone (Fig. 5F ).
GFP-Rab18 labelled LDs and ER compartments are highly motile
Lipid droplets have been previously shown to undergo microtubule-based motility (3) (4) (5) , which can be prevented by the depolymerisation of microtubules (3, 4) or expression of the Cav3 DGV mutant (3). Inhibition of LD motility by Cav3 DGV suggests a role for motility in the functional regulation of LDs. To examine the motility of Rab18-labelled structures we expressed GFP-Rab18 in Vero cells that were subsequently treated with oleic acid overnight. Cells were imaged by real-time fluorescence microscopy in both the presence and absence of oleic acid to determine the motility of LDs and the ER under conditions of lipid deposition or catabolism. GFP-Rab18 was found to localize to both LDs ( Fig. 6A-B ; supplementary data, video1 and video2) and the ER ( Fig. 6C, E ; supplementary data, video3 and video5), as shown in Figs. 1-3 , but in addition, smaller punctate and highly motile labelling was observed within the ER ( Fig. 6C ; supplementary data, video4). All GFP-Rab18 labelled LDs underwent oscillatory movements and were seen to move in and out of the plane of focus within a given area of the cell ( Fig. 6A; (4) ). However, a subset of GFPRab18-labelled LDs underwent rapid, saltatory movements, both in the periphery of the cell and to/from the microtubule organising centre. This was often observed to involve rapid movement in one direction, followed a few seconds later by a reverse motility back to the point of origin (Fig. 6A-B) . These linear, vectorial movements occurred over a period of 5-10sec, and covered distances between 1-4 m. The proportion of Rab18-labelled LDs undergoing saltatory rather than oscillatory movement (~6%) was unaffected by the presence of oleic acid. In addition to the movement of the LDs, there was also clear motility of the ER membranes themselves (Fig. 6D) , as well as small, puncta on the ER membrane (Fig. 6C) , both of which underwent very rapidly motility in the periphery of the cells, and in close proximity to the LD membrane or to the cell surface. GFP-Rab18 labelled structures, presumed to be of ER origin were also observed to extend away from groups of LDs (Fig. 6E) . Together, these data clearly show that GFP-Rab18 labelled LDs are highly motile and display two distinct forms of motility, consistent with microtubule-based transient, vectorial movements of >1 m, and shorter, tethered movements around a point of origin. Additionally, GFP-Rab18 confirms the highly dynamic nature of the ER system, displaying rapid motility throughout the cell and peripherally towards the cell surface.
GFP-Rab18 and mRFP-Cav3 DGV localize to distinct LD populations
We have previously shown that a Nterminal truncation mutant of caveolin-3, Cav3 DGV , localizes to LDs and the ER and inhibits both the motility and the catabolism of LDs (3, 8) . We hypothesized that the inhibition of LD catabolism by Cav3 DGV could be a direct result of an inhibition of the recruitment of Rab18 to these organelles. In order to simultaneously image both Cav3 DGV and Rab18, we generated an N-terminal mRFPtagged Cav3 DGV construct. Localization of mRFP-Cav3 DGV was found to be identical to previously described YFP-and GFP-tagged constructs (8) . mRFP-Cav3 DGV was localized to LDs and the ER, and following treatment with oleic acid induced clumping of LDs in the perinuclear area (Fig. 7A) . Furthermore expression of mRFP-Cav3 DGV prevented the dispersal of LDs following recovery from oleic acid as described previously for YFPtagged Cav3 DGV (3) (results not shown). Coexpression of mRFP-Cav3 DGV and GFP-Rab18 in Vero cells demonstrated that these two proteins colocalized within the ER, but localized to distinct subsets of LDs under normal growth conditions (Fig. 7B) . High expression of mRFP-Cav3 DGV relative to GFPRab18 prevented the localization of GFPRab18 to the LD surface and restricted it to the ER (results not shown). Following treatment of co-expressing cells with oleic acid LDs were predominantly labelled by mRFPCav3 DGV , while GFP-Rab18 was restricted to the ER and small puncta (Fig. 7C) .
To gain further insights into the association of Rab18 with specific LD populations, we examined LD biogenesis in cells expressing GFP-Rab18 or mRFPCav3 DGV . Vero cells expressing GFP-Rab18 ± mRFP-Cav3 DGV were serum-starved overnight to reduce the number of existing LDs, and incubated in normal medium containing 100 g/ml oleic acid for 0-6hr. LDs were identified by staining neutral lipids using Nile Red (with GFP-Rab18) or using Bodipy493/503 (with mRFP-Cav3 DGV ). Nascent LDs were first detectable within 15-30min following the addition of oleic acid, and were clearly identifiable by 1hr. Following serum starvation, GFP-Rab18 was predominantly present in the ER, and was first observed associating with LDs between 1-3hr after addition of oleic acid, suggesting exclusion from LDs during the earliest time points of biogenesis (Fig. 8A) . In contrast, while mRFP-Cav3 DGV was also observed in the ER following serum starvation, it was first observed to label LDs within 15min of initiating biogenesis (results not shown) and was clearly detectable in LDs after 1hr (Fig.  8B) . Following co-expression of mRFPCav3 DGV and GFP-Rab18, the association of mRFP-Cav3 DGV with forming LDs was found to be identical to control conditions (Fig. 8C) . However, GFP-Rab18 was unable to associate with LDs in the presence of mRFP-Cav3 DGV even following 6hr formation, suggesting that the presence of mRFP-Cav3 DGV at the LD surface prevents the recruitment of GFPRab18, either directly or indirectly, and further implying that Rab18 is not required for the biogenesis of LDs.
In conclusion, we have shown that GFP-Rab18 labels a distinct population of LDs and does not associate with LDs labelled by an inhibitory caveolin mutant. While the caveolin mutant associates with forming 'early' LDs, Rab18 associates specifically with 'late' LDs. In addition, we have shown that expression of the caveolin mutant prevents the association of Rab18 with the LD surface.
Stimulation of lipolysis in adipocytes causes translocation of Rab18 to the LD surface
We hypothesized that the association of Rab18 with distinct LDs in the same cell may reflect a particular functional state of individual LDs. Proteomic analysis of LDs from basal and lipolytically active adipocytes has identified Rab18 as a candidate LD protein only under conditions of lipolysis (11) . Therefore, we examined whether the localization of Rab18 was regulated by the metabolic state of the adipocyte. Stimulation of lipolysis by catecholamines occurs via a signalling cascade from the cell surfaceadrenergic receptor through G s activation of adenylate cyclase, up-regulation of cAMP levels, resulting in the activation of protein kinase A (PKA) and phosphorylation of two proteins involved in the regulation of lipolysis, hormone-sensitive lipase and perilipin (33) . Lipolysis can be stimulated by isoproterenol activation of the -adrenergic receptor, or by elevation of intracellular cAMP levels using forskolin to activate adenylate cyclase. In contrast, isoproterenol stimulation of lipolysis can be inhibited using propranolol, aadrenergic antagonist.
Following stimulation of lipolysis in 3T3-L1 adipocytes for 30min using either 10 M isoproterenol or 20 M forskolin there was increased labelling of Rab18 at the s u r f a c e o f L D s d e t e c t e d b y immunofluorescence microscopy (Fig. 9A) , concomitant with the fragmentation of perilipin labelled LDs ((34) results not shown). In contrast, when lipolysis was stimulated using 10 M isoproterenol for 30min, followed by the addition of 200 M propranolol for a further 60min, the translocation of Rab18 to the LD was completely reversed, suggesting that the association of Rab18 with the LD is tightly associated with the metabolic state of the cell. Quantification of the average pixel intensity of Rab18 immunofluorescence at the LD surface showed a~2-fold increase in Rab18 labelling ( Fig. 9B ) in lipolytically active cells compared to cells in normal growth medium, or cells treated with the -adrenergic antagonist. Three-dimensional rendering of the Rab18 labelling of LDs in lipolytically active cells demonstrated that Rab18 was present over the entire surface of the LD, and was found on both large and smaller LDs (Fig. 9C) .
Biochemical isolation of LDs showed that Rab18 was associated with this organelle in control cells and that this association increased by~6-fold following activation of lipolysis ( Fig. 9D-E) . Recruitment of Rab18 to the LD fraction occurred concomitant with the slowed mobility of perilipin on SDS-PAGE, consistent with its well-characterised hyperphosphorylation in lipolytically active cells (Fig. 9E) (33) . From these experiments we conclude that Rab18 is specifically recruited to LDs in lipolytically active cells.
Discussion
While lipid droplets have been well described in specific cell types such as adipocytes and steroidogenic cells, in recent years it has become clear that a vast variety of cell types have the capacity to synthesize neutral lipids and generate LDs in a regulated and dynamic manner (1). Despite these advances and the obvious importance of understanding the regulation of LD function for diseases such as obesity and diabetes, the molecular mechanisms underlying LD biogenesis, motility, and catabolism are still poorly understood. In the present study we have identified a member of the Rab family of small GTPases, Rab18, which shows a regulated association with the monolayer of the LD.
Rab proteins have been shown to play a leading role as membrane organizers, integrating membrane tethering and fusion with cytoskeleton-dependent motility, through their association with multiple effector proteins (15, 16) . Proteomic analyses have identified over 10 different Rab proteins associated with LDs across a range of cell types (11) (12) (13) (14) . While it is likely that a number of the Rab proteins identified in LDs are involved in the regulation of LD function, the close physical association shown in this study between LDs and both endosomal compartments and the ER suggests that in the absence of independent evidence for a direct role, the possibility of contamination of LD preparations with membrane proteins derived from other compartments cannot be overlooked. Further independent analyses of other putative LD Rab proteins will need to be undertaken before a clear picture can emerge of the range and importance of LD interactions with other membrane compartments.
Rab18; a lipid droplet-associated Rab protein
In the present study we have used light microscopy, immunoelectron microscopy, and biochemistry to localize epitope-tagged, heterologously expressed Rab18 to the LD surface. In addition, localization to LDs was confirmed using antibodies raised against the endogenous Rab18 protein. These studies clearly demonstrate that Rab18 associates with a specific subset of LDs in both the 3T3-L1 adipocyte model system and in the nonadipocyte cell lines tested. Our previous Northern blot analyses (18) showed that Rab18 has a ubiquitous expression pattern in mammalian tissues, with particularly high expression in epithelia and brain. In kidney epithelial cells, Rab18 was localized to smooth tubular membranes close to the apical cell surface, proposed to be endosomal compartments based on ultrastructural analyses, and was also localized to Rab5-labeled structures upon overexpression as judged by light microscopy (18) . In the present study we failed to identify GFP-Rab18 in endosomal structures by light microscopy, and the punctate labelling observed for endogenous Rab18 did not coincide with expressed GFP-Rab5 (S. Martin and R. Parton, unpublished data). However, as shown here, endosomal structures can closely appose (Fig.  1) , and even partially enwrap (S. Martin and R. Parton, unpublished data), LDs. However, before endosomal localization is dismissed more detailed analysis of Rab18 localization in different tissues is clearly required. Localization of Rab18 to LDs and ER is at least consistent with phylogenetic analysis of mammalian Rab GTPases, in which Rab18 is more closely related to Rab proteins involved in ER and Golgi trafficking processes, than in endosomal traffic (35) .
Rab18 localizes to the monolayer surface of a subset of LDs
In the present study we have identified GFP-Rab18 at the LD surface and confirmed by electron microscopy that this represents association with the monolayer of the LD. LD localization was seen over a wide range of expression levels and was confirmed by labelling for the endogenous Rab18 protein. Intriguingly, even in cells expressing high levels of Rab18 not all LDs are labelled, and those that are labelled can have extremely high levels of Rab18. This raises interesting questions about the mechanisms involved in targeting Rab18 to the surface of these particular LDs and the molecular determinants dictating Rab18 recruitment to specific LD populations. Analysis of the effectors and other interacting proteins for some of the best understood Rabs have shown that an individual Rab can be associated with >30 distinct proteins, either directly or indirectly (16) . Furthermore, the attachment of Rab proteins to a particular membrane can be mediated not only by protein factors, but also by specific phospholipids present in a domain of the membrane. To date, no interacting proteins or lipids have been identified for Rab18.
In addition to labelling of the LD monolayer, we also observed association of heterologously expressed Rab18 with the ER and with discrete clusters of tubulovesicular elements the nature of which has not yet been identified. We hypothesize that these correspond to the rapidly moving punctate structures identified by real-time microscopy. Although ER labelling was not consistently seen with antibodies against the endogenous protein, ER and TVE labelling was very specific when compared to other cellular membranes and we assume that the lower level of Rab18 in the ER is below the detection of the antibodies. Rab18 is unusual in the Rab family in that the extreme Cterminus contains a mono-cysteine prenylation motif rather than the di-cysteine prenylation motifs present in most other Rab family members. While the reason for this difference is not known, it could be that monoprenylation is required for Rab18 to associate with the LD monolayer. Previous studies have shown that mutation of di-cysteine prenylation sites in endosomal Rabs to mono-cysteines results in their mis-localization to the ER (36) (37) (38) , suggesting the possibility that targeting of GFP-Rab18 to the ER observed in this study could result from the default insertion of a naturally occurring mono-cysteine Rab into the ER in the absence of sufficient numbers of LDs. However, we consider this unlikely to be the case, as under all experimental conditions used in this study, for both catabolism and LD formation, only a subset of LDs were ever labelled for Rab18, while labelling of the ER was consistently observed. The importance of Rab18 ER targeting, and its relationship to lipolysis and LD function, is not yet known.
Regulation of Rab18 recruitment to LDs in adipocytes upon lipolysis
In this study we have directly demonstrated recruitment of a Rab protein to LDs in adipocytes in response to lipolytic stimulation. In view of the importance of understanding lipid regulation in the adipocyte to obesity this is a very significant finding. Stimulation of lipolysis in adipocytes has been well characterised (33) . The mechanism of Rab18 recruitment is not yet known, but interestingly in control cells the majority of Rab18 was membrane associated, suggesting that stimulation of lipolysis does not induce direct recruitment of a cytosolic pool. It will be of fundamental importance to determine whether stimulation of lipolysis in an adipocyte cell line, where lipolysis is regulated through a cell type specific mechanism, recruits a similar set of Rab18 effectors to lipolysis in non-adipocyte cell lines.
Rab18 and a caveolin mutant label distinct LD populations, which differ in metabolic state and motility
We have previously demonstrated that a caveolin truncation mutant (Cav3 DGV ) shows constitutive association with LDs (3), perturbs cellular cholesterol balance, inhibits signalling at the cell surface (39), causes neutral lipid accumulation due to inhibition of LD catabolism (8) and completely blocks LD motility. The primary molecular mechanisms underlying the effects of Cav3 DGV expression are not yet clear. A striking finding of the present study was the mutually exclusive association of Cav3 DGV and Rab18 with LDs. Studies of LD biogenesis illuminated clear differences in the association of Rab18 and Cav3 DGV . Cav3 DGV associates with the very earliest LDs detectable after oleic acid addition whereas Rab18 associates with presumably fully formed LDs at much later times. This suggests that Cav3 DGV and Rab18 define functionally distinct LD populations. The surface properties of forming LDs are clearly different from those of later LDs. At high expression levels Cav3 DGV completely inhibits Rab18 recruitment to LDs. Together with our previous studies our results suggest that inhibition of LD motility by the caveolin mutant has functional consequences on LDs, both in terms of catabolism and maintenance of surface free cholesterol levels but also at the molecular level as judged by Rab18 recruitment. While we have no evidence to suggest that the primary effect of Cav3 DGV is to inhibit Rab18 recruitment, we cannot rule this out.
An intriguing model is that Rab18 regulates motility required for lipid distribution to cellular membranes. LDs have been observed in apposition to many intracellular organelles, including both endosomes and the ER. It is possible that direct apposition of LDs to the limiting membranes of other organelles can facilitate the direct redistribution of lipids in response to cellular requirements. During submission of this analysis, a study describing association of Rab18 with LDs in hepatocytes was published and a role in ER recruitment around LDs was proposed (40) . In a series of experiments undertaken using both dominant-negative mutants of Rab18 and Rab18 siRNA, we have been unable to definitively identify changes in LD formation or catabolism (results not shown). We believe that this reflects the complexity of LD regulation and/or function, of which very little is currently known, as well as the fact that Rab18 associates with a distinct lipid droplet population and consequently we may not see an effect on the entire LD population. However, the characterisation of a Rab protein associated with LDs provides an important new system to understand machinery involved in LD function and the role of this fascinating organelle in cellular function.
Figure Legends Figure 1. Localization of GFP-Rab proteins in oleic acid treated Vero cells
Vero cells expressing fluorescently-tagged Rab5, Rab7, Rab11 or Rab18 were incubated with 100 g/ml oleic acid overnight, fixed in 4% PFA and counterstained using Nile Red to identify LDs. (A) A proportion of GFP-Rab5, YFP-Rab11 and GFP-Rab7 labelled endosomes were all observed in close proximity to LDs (arrows), but did not label the surface of the LD itself. (B) GFP-Rab18 was identified in the ER, on the surface of a subset of LDs (arrowheads), and as small puncta distributed throughout the cell (red arrows). LD labelling was often crescent shaped in fixed cells. (C) Vero cells expressing GFP-tagged Rab18 were incubated in oleic acid overnight and imaged in real-time in the absence of fixation. In live cells GFP-Rab18 was observed in the reticular ER, as rings surrounding a subset of LDs and as small puncta (red arrows) distributed throughout the cell. A small bright punctate dot of Rab18 labelling was occasionally observed at the periphery of the labelled LDs (asterix).
Figure 2. Immunoprecipitation of endogenous and expressed Rab18
(A, B) Immunoprecipitation of endogenous Rab18 and transfected GFP-Rab18 from 3T3-L1 adipocytes and BHK cells. Endogenous Rab18 was immunoprecipitated from solubilised 3T3-L1 adipocyte cell lysates using an antiserum raised against Rab18 or a control pre-immune rabbit serum (Ctrl). In addition, BHK cells were transfected with either GFP-Rab18 or GFP, and both endogenous Rab18 and transfected proteins were immunoprecipitated using antisera raised against Rab18, GFP or a pre-immune rabbit serum (Ctrl). Immunoprecipitations (IPs) and IP supernatants were analysed by Western blotting using an anti-Rab18 antiserum (A) or an anti-GFP antibody (B). Rab18 antiserum was found to specifically immunoprecipitate a single protein of apparent MW 26kD from both GFP-transfected BHK cells and 3T3-L1 adipocytes, and a protein band of~55kD from GFP-Rab18 transfected cells. Conversely, GFP antiserum was found to specifically immunoprecipitate GFP-Rab18, which could be detected using either the anti-GFP antiserum (B) or the anti-Rab18 antiserum (A). Both transfected Rab18 and endogenous Rab18 resolved as a doublet (arrows) in the supernatants. A second protein band of~31kD was also consistently recognised by the Rab18 antiserum in the supernatants, but was not immunoprecipitated by the antibody. (C) Endogenous Rab18 is predominantly membrane associated. 3T3-L1 adipocyte cell lysates were fractionated into membrane and cytosol by ultracentrifugation. Proteins (10 g) were analysed by SDS-PAGE and Western blotting for endogenous Rab18, caveolin and -tubulin. Rab18 and caveolin were predominantly membrane associated, whereas tubulin displayed both membrane-associated and cytosolic pools.
Figure 3. Endogenous Rab18 localizes to LDs in fibroblasts and adipocytes, but is not upregulated during differentiation
(A) 3T3-L1 fibroblasts were differentiated into adipocytes, fixed at various time points during the differentiation process, and labelled for Rab18. LDs were detected using Bodipy493/503. Rab18 was observed to label the surface of LDs in both fibroblasts and adipocytes (arrows). During the differentiation there was an increase in Golgi labelling (arrowheads). In fully differentiated adipocytes, Rab18 labelling was observed in distinct domains over the LD surface. (B) Vero cells were treated overnight with 100 g/ml oleic acid and fixed for immunofluorescence microscopy. Fixed cells were labelled for Rab18 and counterstained using Bodipy493/503 to label LDs, and DAPI to label the nucleus. Following treatment with oleic acid Rab18 was observed to label the surface of a subset of LDs, either as a ring shape (arrows) or as a single punctate dot (arrowheads).
Figure 4. Localization of GFP-Rab18 to LDs and the ER
Vero cells expressing GFP-Rab18 were incubated with 100 g/ml oleic acid overnight and fixed for immuno-EM (A-D) or immunofluorescence microscopy (E-F). For immuno-EM, cryosections were labelled using anti-GFP antibodies and labelling detected using 10nm protein A-gold. LDs were defined as large, electron-lucent structures that lacked a limiting membrane bilayer. GFP-Rab18 was highly localized to the surface of LDs (A, C), to the peripheral ER (A, E-F) and nuclear envelope (B), as well as groups of small, non-clathrin coated tubulo-vesicular elements (TVE) adjacent to the LD surface (A) and distributed throughout the cell (B). (C-D) In thicker cryosections Rab18 labelled a thin membrane layer adjacent to the ER, assumed to correspond to the surface of the LD itself (arrows, D) . Localization of GFP-Rab18 to the ER was confirmed by immunofluorescent microscopic labelling for calnexin (E-F). Calnexin-positive structures were seen surrounding the GFP-Rab18 labelled LDs (F), and in a punctate reticular pattern throughout the cell, contiguous with, but not colocalising with, a punctate reticular GFPRab18 labelling pattern (E). Note that as fluorescence intensity of GFP-Rab18 at the LD surface was frequently much brighter than the surrounding ER, simultaneous visualisation of the two localizations was impracticable. ER, endoplasmic reticulum; LD, lipid droplets; NE, nuclear envelope; N, nucleus; TVE, tubulovesicular elements; Arrowheads, plasma membrane.
Figure 5. Localization of GFP-Rab18 to the surface of isolated LDs.
To confirm the direct localization of GFP-Rab18 to the surface of the LD, BHK cells were transfected with GFP-Rab18 (A-E) or GFP (A, F) and LDs isolated using sucrose density gradient centrifugation. (A) A proportion of GFP-Rab18 was found to float in the top fractions of the sucrose gradient, corresponding to the LD fraction. (B-E) Isolated GFP-Rab18 LDs were mounted on EM grids and immunolabelled using an anti-GFP antibody followed by 10nm protein A-gold (B-D), or by protein A-gold alone (E). GFP-Rab18 was found to label discrete patches over the surface of the LD, and membranous material associated with the LDs. Protein A-gold alone did not associate with the LDs. (F) LDs isolated from cells expressing GFP alone were labelled using an anti-GFP antibody followed by 10nm protein A-gold. The anti-GFP antibody did not label the surface of the LDs.
Figure 6. Real-time video microscopy of GFP-Rab18 in LDs and the ER
Vero cells expressing GFP-Rab18 were incubated overnight with 100 g/ml oleic acid then imaged in real-time in the absence of oleic acid. The motility of GFP-Rab18 was analysed at 6 sec intervals for a total of 3 minutes. (A-B; supplementary data, video1 and 2) GFP-Rab18 labelled LDs were observed to oscillate, in addition to undergoing saltatory motility. Tracking the motility of individual LD particles demonstrated that while the majority of movements were small (A1, A3, A4, <0.5 m), around 6% of LD particles underwent longer (>2 m) vectorial movements (A2, B1, B2). The rate of vectorial transport was estimated to be~1 m/sec. (C; supplementary data, video3) Punctate foci of GFP-Rab18 labelling were observed to undergo rapid movements in the periphery of the cell. (D, E; supplementary data, video4 and 5) GFPRab18 in the ER clearly demonstrated the dynamic nature of the ER membranes throughout the cell and toward the cell surface (D). In addition, GFP-Rab18 labelled ER elements were seen to extend away from groups of LDs in the perinuclear region of the cell (E).
Figure 7. GFP-Rab18 and mRFP-Cav3
DGV localize to distinct LD populations Vero cells were transfected with mRFP-Cav3 DGV in the presence or absence of GFPRab18, and incubated in the presence or absence of 100 g/ml oleic acid overnight. Cells were subsequently fixed in 4% PFA and analysed by fluorescent microscopy. (A) In oleic acid treated cells mRFP-Cav3 DGV was predominantly localized to large clusters of LDs in the perinuclear region, in addition to low labelling of the ER and in the Golgi area. (B) In control cells mRFPCav3 DGV and GFP-Rab18 were localized to distinct LD populations following co-transfection. (C) In co-transfected cells treated with oleic acid overnight, mRFP-Cav3 DGV localization was identical to that observed in the absence of GFP-Rab18. In contrast, GFP-Rab18 showed a significantly reduced LD localization, and was predominantly localized to the ER, to very small LDs and to small puncta throughout the cells. Size bars = 10 m.
Figure 8. mRFP-Cav3
DGV localization to forming LDs precedes that of GFP-Rab18 Vero cells were transfected with GFP-Rab18 and mRFP-Cav3 DGV either separately or in combination, then incubated in serum-free medium overnight to reduce the number of existing LDs. Cells were subsequently incubated in 100 g/ml oleic acid for 0-6hr prior to fixation in 4% PFA. (A) Cells expressing GFP-Rab18 were counterstained using Nile Red to label LDs. There was no detectable labelling of forming LDs at 1hr, but significant labelling of a subset of LDs was detected at 3hr (arrows). (B) Cells expressing mRFP-Cav3 DGV were counterstained using Bodipy493/503 to label LDs. The localization of mRFP-Cav3 DGV to forming LDs was detectable within 1hr. (C) In cells co-expressing both mRFP-Cav3 DGV and GFP-Rab18, localization of mRFP-Cav3 DGV to the LD surface was detected within 1hr. In contrast, GFP-Rab18 showed little LD localization during the period of the time course. Sizebar = 10 m.
Figure 9. Rab18 localization to LDs is increased following stimulation of lipolysis
(A) 3T3-L1 adipocytes were either fixed directly (control), or incubated with 10 M isoproterenol for 30min (Isoproterenol), 10 M isoproterenol for 30min followed by 200 M propranolol for 60min (Isoprot./Propranolol) or 20 M forskolin for 30min, prior to fixation. Cells were subsequently labelled for Rab18. Size Bar=10 M. (B) The mean pixel intensity of Rab18 labelling at the LD surface was determined as described in Materials and Methods (n=2, results ± SD). Immunofluorescence labelling of Rab18 at the surface of the LDs was found to increase dramatically following stimulation of lipolysis. (C) Three-dimensional rendering of the Rab18 labelling in isoproterenol-treated cells demonstrated that Rab18 labelled patches over the entire surface of both small and large LDs. ( D ) 3T3-L1 adipocytes were incubated ± 10 M isoproterenol for 30min prior to the preparation of cell lysates and fractionation of LDs using a sucrose density gradient. Gradients were analysed by Western blotting for Rab18. (E) LD fractions from the top of the sucrose density gradients were analysed by Western blotting for Rab18 (R18) and Perilipin (Pln). Treatment with isoproterenol resulted in an increased association of Rab18 with the LD fraction, concomitant with altered mobility of perilipin, consistent with its phosphorylation. Rab18 in the LD fraction was quantified by densitometry (n=4, results ±SD). 
